We investigate the deceleration of Solar Energetic Particles (SEPs) during their propagation from the Sun through interplanetary space, in the presence of weak to strong scattering in a Parker spiral configuration, using relativistic full orbit test particle simulations. The calculations retain all three spatial variables describing particles' trajectories, allowing to model any transport across the magnetic field. Large energy change is shown to occur for protons, due to the combined effect of standard adiabatic deceleration and a significant contribution from particle drift in the direction opposite to that of the solar wind electric field. The latter drift-induced deceleration is found to have a stronger effect for SEP energies than for galactic cosmic rays. The kinetic energy of protons injected at 1 MeV is found to be reduced by between 35 and 90% after four days, and for protons injected at 100 MeV by between 20 and 55%. The overall degree of deceleration is a weak function of the scattering mean free path, showing that, although adiabatic deceleration plays a role, a large contribution is due to particle drift. Current SEP transport models are found to account for drift-induced deceleration in an approximate way and their accuracy will need to be assessed in future work.
Introduction
Solar Energetic Particles (SEPs) are commonly measured near 1 AU in the interplanetary medium, in most cases at large distances from the region where they were accelerated, in solar flares and Coronal Mass Ejection (CME) driven shocks. Understanding their propagation through space is important to gain information about the acceleration processes and to test theories of charged particle transport in turbulent magnetic fields, relevant to a variety of astrophysical environments. Since SEPs are a radiation hazard for satellite infrastructure and humans in space, accurate modelling of their propagation is important also to develop a Space Weather forecasting capability.
During their motion through interplanetary space, SEPs undergo changes in their kinetic energy. At the present time, a well established framework for the description of kinetic energy change of SEPs exists, based on the theory of adiabatic deceleration within a transport equation, initially developed to describe galactic cosmic rays. In its classic description, adiabatic deceleration results from the cooling of an isotropic energetic particle gas as it moves outwards in the expanding solar wind (Parker 1965) . Skilling (1971) derived a focussed transport equation including adiabatic deceleration for the case when the plasma convection velocity is at an angle with respect to the magnetic field, retaining pitch-angle as a variable. Ruffolo (1995) obtained an alternative formulation for a Parker spiral geometry, again considering particles of arbitrary pitch-angle. Both approaches use a deceleration term within a transport equation. The terms derived by Skilling (1971) and Ruffolo (1995) are equivalent for a Parker spiral magnetic field.
The majority of modern models of SEP propagation include adiabatic deceleration by using either the Ruffolo (1995) or the Skilling (1971) formalism within the focussed transport equation [e.g. Lario et al. (1998) ; Agueda et al. (2008) ; Zhang et al. (2009) ; Dröge et al. (2010) ; Mason et al. (2012) ; Wang et al. (2012) ]. Numerical solution of this equation shows that adiabatic deceleration needs to be taken into account when studying SEP propagation, as it affects the decay phase of events significantly for proton energies up to about 20 MeV (Ruffolo 1995) . Intensity profiles are affected in a complex way that varies in the different stages of the event (Kocharov et al. 1998) . Mason et al. (2012) modelled the transport of heavy ions and showed that the effects of adiabatic cooling are very strong below 1 MeV nucleon −1 . They pointed out that, as a result of deceleration, particles measured within a given energy channel of a detector located at 1 AU may have had a much higher energy when originally injected at the Sun.
The standard focussed transport approaches (Skilling 1971; Ruffolo 1995) assume that energetic particles remain tied to magnetic field lines during their propagation, so that only a single spatial variable, the distance travelled along a magnetic field line, needs to be retained to describe the particle's trajectory. This is a common assumption in many studies involving SEP modelling and data analysis.
However in two recent publications we pointed out that drifts due to the gradient and curvature of the Parker spiral magnetic field are important for SEPs Dalla et al. 2013 ). This result is based on full orbit test particle simulations of SEPs in a Parker spiral configuration , Paper I) as well as on analytical expressions for the particle drifts , Paper II). As a result of drift, particles experience transport in longitude and latitude, perpendicular to the magnetic field line on which they were originally injected. The scattering conditions, described by a mean free path λ, do not strongly affect the amount of drift experienced. In fact, significant curvature drift is found to be present even when particles propagate scatter-free.
In this paper we examine an important consequence of drifts for SEPs: the strong particle deceleration due to drift motion in the direction opposite to that of the solar wind electric field, studied here for the case of protons. The electric field is present in the fixed (observer) frame due to the outward propagation of the solar wind plasma. Drift-induced deceleration has been studied previously in the context of galactic cosmic rays (Kóta 1979; Barnden & Bercovitch 1975 ), but has not been discussed for SEPs up to the present time. We show that, unlike adiabatic deceleration, driftinduced deceleration is present also in the absence of scattering. We evaluate whether the standard focussed transport equation formalisms (Skilling 1971; Ruffolo 1995) describe the effects of driftinduced deceleration on the particle distribution function.
Energy change for SEPs as derived from test particle simulations
In Paper I, the propagation of SEPs in a Parker spiral configuration in the presence of scattering was studied by means of a relativistic full orbit test particle code. The output of the simulations showed that, rather than remaining confined within the magnetic field lines delimiting the injection region at the Sun, particles experience significant drift (see e.g. Figures 3 and 5 of Paper I). The amount of drift, measured in a local Parker spiral coordinate system as the displacement from the magnetic field line through the initial position, increases with energy, i.e. it is much larger for 100 MeV than for 1 MeV protons. It is particularly large for partially ionised heavy ions due to proportionality of grad B and curvature drift velocities to the charge to mass ratio.
Here we examine the results of simulations similar to those presented in Paper I, focussing on the change in kinetic energy experienced by the particles during their propagation. We follow four initially monoenergetic populations, each consisting of 1000 protons, characterised by values of the initial kinetic energy K 0 of 1 MeV, 10 MeV, 100 MeV and 1 GeV. The particles are injected from an 8
• ×8
• region at 1 solar radius and centered at latitude δ=20
• . Their initial velocity directions are randomly chosen in a semi-hemisphere in velocity space pointing away from the Sun. Particles are scattered with an average frequency defined by a scattering mean free path λ. During each scattering event the particle's velocity is randomly reassigned from an isotropic distribution. Particles are scattered in the solar wind frame and in this frame energy is assumed to be conserved during a scattering event. This is a reasonable approximation since the majority of scattering events in our simulations take place far from the Sun. For comparison, scatter-free runs are also performed. Other parameters of the simulations have been described in Paper I.
The Parker spiral magnetic field used in the simulations is unipolar (pointing outwards from the Sun, as was assumed in the simulations of Paper I), i.e. the presence of the heliospheric current sheet is not modelled. The Lorentz equation of motion for each particle is solved in the fixed frame, in which the Sun is rotating with angular velocity Ω and the solar wind is moving radially outward at constant speed v sw . This is the frame which is relevant for comparison of simulation results with observations taken by spacecraft. Figure 1 shows the kinetic energy change experienced by particles of the four initially monoenergetic populations (one for each panel, with initial energy K 0 as labelled) at time t f =102 hours, plotted as a function of the change in colatitude experienced by each particle. The mean free path is λ=1 AU at all energies. Kinetic energy change ∆K=K−K 0 is shown as percentage of the initial energy K 0 , as a function of ∆θ=θ−θ 0 where θ is the particle's colatitude and θ 0 its initial value. Particles in all four populations are seen to have experienced strong deceleration over the time of the simulation, apart from a minority of those with K 0 =1 GeV, whose kinetic energy increases.
It should be noted that the scale on the xaxes of the panels of Figure 1 is different for the four populations, showing that the 1 MeV particles have a much smaller ∆θ compared to 1 GeV particles. The observed change in colatitude is caused by drift due to the curvature and gradient of the Parker spiral magnetic field (Paper I, Paper II), and the amount of drift increases with particle energy. Figure 1 shows a trend for the deceleration to increase with ∆θ for the cases where K 0 = 1 MeV, 10 MeV and 100 MeV, but not for the case K 0 = 1 GeV.
In Figure 2 the kinetic energy change averaged over each of the four particle populations, is plotted versus time. The top panel shows the case λ=1 AU, corresponding to the same simulations shown in Figure 1 , while the bottom panel presents the time dependence of energy change in the scatterfree case. Figure 2 shows that the decrease in ki- • ×8
• region at latitude δ=20
• and the mean free path is λ=1 AU. netic energy is fast during the first ∼20 hours of the propagation, and continues to take place more slowly at later times. Deceleration is seen also in the absence of scattering, although it is of a reduced magnitude compared to the λ=1 AU scattering case.
3. Deceleration processes 3.1. Energy change due to drift in the electric field potential
As energetic particles propagate through the interplanetary medium, in the fixed, non-rotating reference frame they are subject to the electric field associated with the outwardly moving solar wind. The solar wind electric field is given by:
where v sw is the solar wind velocity, B is the interplanetary magnetic field (IMF) and c is the speed of light. We consider B to be a unipolar Parker spiral, and the solar wind flow to be radial, uniform over the Sun's source surface and time independent. With these assumptions, the expression for the electric field takes the form (Burns & Halpern 1968; Winge & Coleman 1968) :
where e θ is the standard unit vector in a (r, θ, φ) spherical coordinate system centered on the Sun, with r the radial distance, θ the colatitude and φ the longitude. Here B 0 is the magnitude of the magnetic field at a reference radial distance r 0 and Ω=2.87×10 −6 rad s −1 is the solar rotation rate. A=1 when B points outward from the Sun and and A=−1 when B points inwards.
The potential associated with the electric field of Eq. (2) is given by:
In the absence of other effects causing deceleration, the kinetic energy change due to motion in the direction of the solar wind electric field is given by:
with q the particle charge, θ 0 its initial colatitude and the subscript (Φ) indicating that this is the energy change associated with the potential of Eq. (3). Expressions equivalent to Eq. (4) were derived by Kóta (1979) . If particles do not move in colatitude, θ=θ 0 and the kinetic energy change given by Eq. (4) is zero. However Papers I and II demonstrated that curvature and grad-B drift combine to produce a significant component of drift in θ, which, from Eq. (4), will cause kinetic energy change. The drift in colatitude is present also in the absence of scattering.
Eq. (4) can be rewritten as:
where:
For a proton or an electron, using the same values for B 0 and r 0 used in Papers I and II, we obtain that ξ 0 =247 MeV. Paper II showed that for the case of a positive polarity of the Parker spiral IMF (A>0) and particle initial positions not far from the heliographic equatorial plane, ions drift downwards (increasing colatitude) and electrons upwards (decreasing colatitude). Hence from Eq. (5) both ions and electrons will experience a negative ∆K (Φ) , i.e. a deceleration, as a result of drift motion.
For a negative polarity configuration (A<0) protons near the equatorial plane drift upwards and electrons downwards, so that the effect of the drift is again deceleration for ions and electrons.
The expression for the energy change (Eq. (4)) does not involve the initial particle energy explicitly, however the latter is an important parameter in determining how much the particle drifts in colatitude, i.e. the value of cos θ − cos θ 0 .
Energy change due adiabatic deceleration
In standard transport theory, heliospheric energetic particles experience cooling due to the expansion of the solar wind, which carries the turbulence that produces particle scattering. Formalism to describe this adiabatic deceleration within a transport equation was derived by Parker (1965) for the case of an isotropic particle distribution function and radially directed magnetic field.
Particle scattering in the solar wind frame is essential for adiabatic deceleration. In the absence of scattering, this process does not take place. Ruffolo (1995) generalised the classic treatment to the case of particles of arbitrary pitch angle and a Parker spiral configuration, pointing out how the combination of focussing and scattering produces a deceleration in the solar wind frame. The rate of deceleration for a single particle is given by (Ruffolo 1995) :
where p ′ and µ ′ are the particle's momentum and pitch angle in the solar wind frame, ψ is the angle between the Parker spiral magnetic field line and the radial direction and L(z) is the focussing length. Here z is the only spatial variable retained within the model, describing the distance travelled along a magnetic field line.
From Eq. (7), the characteristic time of deceleration τ =−(1/p ′ dp ′ /dt) −1 depends only on the geometrical parameters, including the colatitude, via the angle ψ and L, and on the particle pitch angle, i.e. it does not depend explicitly on the particle's kinetic energy nor species. However the latter parameters influence the overall trajectory and amount of time that a particle spends at a given location, and as a result the overall energy change experienced. If the scattering mean free path is small, particles tend to spend a longer time in regions near the Sun, where adiabatic deceleration is stronger, so that a lower value of λ gives rise to more deceleration associated with this process (Parker 1965 ).
An adiabatic deceleration formalism alternative to Eq. (7) had been derived earlier by Skilling (1971) , for a generic magnetic field. For the case of a Parker spiral field, it can be shown analytically that the Skilling (1971) expression takes the same form as the Ruffolo (1995) one, so that the two formulations are equivalent in this case, as noted in the latter paper.
Interpretation of simulation results
Having introduced the concepts of drift-induced and adiabatic deceleration we can now interpret the results shown in Figures 1 and 2 . Our simulations do include adiabatic deceleration because Fig. 3 .-Percentage change in kinetic energy as a function of ∆θ, four days after injection, for three values of the scattering mean free path λ and varying initial kinetic energy. The red dots are from simulations including both adiabatic deceleration and drift-induced deceleration, the green dots are for simulations without adiabatic deceleration, i.e. scattering taking place in the fixed frame. The blue square represents the scatter-free case.
scattering is taking place in the solar wind frame. They also include drifts which produce changes in colatitude and thus energy change.
In Figure 1 , the observed trend for deceleration to increase with ∆θ (as seen for K 0 = 1 MeV, 10 MeV and 100 MeV) is consistent with driftinduced deceleration playing a significant role. The fact that deceleration is present also in the scatter-free case (Figure 2, bottom panel) , when no adiabatic deceleration is taking place, confirms this statement.
Low energy SEPs experience very little drift, however their initial kinetic energy is much smaller than ξ 0 (given by Eq. (6)), the magnitude of the largest possible deceleration associated with drift processes. Considering Eq. (5), one can see that even a small ∆θ can produce a significant percentage change in their energy, the behaviour shown in Figure 1 (e.g. for K 0 =1 MeV). SEPs of initial energy 1 GeV typically drift by tens of degrees, however their drift-induced deceleration as percentage of initial energy is much less than for lower energy particles due to the larger ratio K 0 /ξ 0 . As one considers particles of even higher energy, driftinduced deceleration becomes less significant.
The deceleration seen in Figures 1 and 2 is a combination of adiabatic and drift-induced deceleration. However it is possible to 'switch off' adiabatic deceleration by scattering particles in the fixed frame, rather than in the solar wind frame. When this is done, particle energy is conserved in the fixed frame during a scattering event, while a change in pitch angle does result, influencing the particle's trajectory. Scatter-free simulations represent an extreme case: here no adiabatic deceleration takes place due to the absence of scattering events and particles propagate together as a beam. Drift and the deceleration it produces cannot be eliminated in our simulations. Figure 3 shows the output of simulations carried out in three very different scattering conditions, each corresponding to a column in the figure. Red points are the results for the cases with adiabatic deceleration (scattering carried out in the solar wind frame). Points in the central column (λ=1 AU) are the same as in Figure 1 , and the columns on the left and right show the results for λ=0.3 AU and 10 AU respectively. The light green points show the energy change observed when scattering is carried out in the fixed frame, i.e. no adiabatic deceleration is occuring, for the same values of the mean free path. The blue squares represents the deceleration observed in the scatter-free case: here all particles experience the same ∆θ due to drift, resulting in a single point in the plots and no adiabatic deceleration.
Considering first of all the red points in Figure  3 , one can see that as the level of scattering increases (i.e. moving from right to left in the figure), more deceleration is observed and the range of percentage change in ∆K increases. The amount of drift, represented by the range of ∆θ values also increases, as was noted in Paper I. Considering that in our simulations the mean free path values vary by almost 2 orders of magnitude, from 10 AU to 0.3 AU, the amount of deceleration appears to be only a weak function of the mean free path.
When no adiabatic deceleration is present (light green points), the amount of deceleration observed has much less scatter and follows a line which is found to coincide exactly with that predicted by Eq. (5), i.e. the observed energy change is purely drift-induced deceleration. It is also apparent that any effects due to large finite Larmor radius are small in our simulations, as the data points for this case lie along a single line in Figure 3 , without significant scatter.
We can now compare the results for the cases with adiabatic deceleration, without it and the scatter-free situation. Looking at the low scattering regime (λ=10 AU), it is apparent that the addition of adiabatic deceleration broadens the distribution around the line predicted by Eq. (5), and the effect becomes more marked for stronger scattering. Switching on adiabatic deceleration eliminates the low values of |∆K/K 0 | which are present in the case of purely drift-induced deceleration (e.g. for K 0 =1 MeV values of |∆K/K 0 |<30
• ). In the strong scattering case, adiabatic deceleration is more efficient, resulting in a distribution of ∆K/K 0 values which does not show a clear dependence on ∆θ, unlike for the λ=10 AU case. The weak dependence of the overall deceleration on the value of the mean free path demonstrates that drift-induced deceleration plays a very significant role.
Regarding the reason why a small minority of particles with K 0 =1 GeV show acceleration (Figure 1, bottom panel) , we note that it is possible for the process responsible for adiabatic deceler-ation to produce acceleration in the fixed frame in some cases (as can be seen from the qualitative description accompanying Figure 1 of Ruffolo (1995) ).
In the simulation discussed so far, particles were injected at 1 solar radius. We have also carried out simulations with injection at 40 solar radii for λ=1 AU and the deceleration observed is very similar to that shown in Figure 1 . Therefore the effects describe above apply both to particles energised in solar flares and to those accelerated in CME driven-shocks at distances up to at least 40 solar radii.
Discussion and conclusions
Our relativistic full orbit test particle simulations of proton propagation in the Parker spiral have allowed us to analyse, for the first time, the deceleration associated with drift motion opposite to the solar wind electric field. We showed that the overall deceleration experienced by SEPs is due to contributions from adiabatic deceleration (which requires scattering) and drift-induced deceleration (which is present also in the absence of scattering).
We found that energy changes associated with the combined processes of drift-induced and adiabatic deceleration are very large: for a scattering mean free path of λ=1 AU, ∆K/K 0 at 100 hours after injection ranges between −35% and −90% for particles with K 0 =1 MeV, between −30% and −70% for K 0 =10 MeV and between −20% and −55% for K 0 =100 MeV.
It is interesting to note that while the magnitude of drift, as measured by the change in colatitude, is very small for protons at ∼1 MeV, its effect on particle energy is large, meaning that drift effects cannot be ignored even at these low energies.
With reference to the very large values of deceleration obtained from our simulations for particles of initial energy of 1 MeV, e.g. values close to 100%, the test particle approximation breaks down once the particle energy has reached values close enough to that of solar wind particles, so that a different modelling approach is required.
Deceleration is fast during the first ∼20 hours following injection and continues at a slower rate in the subsequent hours. The fact that it is taking place also for scatter-free propagation means that it cannot be ascribed to standard adiabatic deceleration only. In addition, the simulations with scattering taking place in the fixed frame (i.e. with scattering present but adiabatic deceleration 'switched off') demonstrate the large magnitude of drift-induced deceleration.
The magnitude of the constant ξ 0 appearing in the expression for the solar wind electric potential (Eq. (5)) determines the particle energy range over which the effect of drift-induced deceleration is most prominent. It appears that for protons this is the range between ∼1 and a few hundred MeV, which is the typical SEP energy range. At proton energies larger than 10 GeV the energy change becomes negligible, therefore its importance for galactic cosmic rays is for modulated cosmic rays in the solar wind with energies in the ∼1 MeV -1 GeV range.
We also emphasize that drift additional to that due to the large scale Parker spiral field and any other process which is able to produce transport in the latitudinal direction will cause changes in kinetic energy.
Is drift-induced deceleration included within the standard transport equations (Skilling 1971; Ruffolo 1995) used in SEP modelling, data analysis and Space Weather forecasting? Answering this question requires analysis of the derivation of the focussed transport equation (Skilling 1971) . This equation describes the evolution of the distribution function of the particles' guiding centres and is obtained by averaging the Vlasov equation over gyrophase (e.g. Zank (2014) ). le Roux & Webb (2009) showed that the focussed transport equation is equivalent to the guiding centre kinetic equation (Kulsrud 1983 ). The latter is derived by means of the standard assumptions of first order guiding centre theory, including the assumption that the grad B and curvature drift velocities are much smaller than the E×B drift velocity. As shown by le Roux & Webb (2009) , the guiding centre kinetic equation includes a contribution from grad B and curvature drift in its energy change term, while the latter drifts are not included in the spatial convection term. This means that the energy change associated with drift is taken into account in an approximate way, with the deceleration rate being calculated along the 'undrifted' orbit, at constant colatitude. To our knowledge, all current SEP transport models (e.g. Zhang et al. (2009 ), Mason et al. (2012 ) make use of this approximation, which we expect to be fairly accurate for low energy SEPs but less accurate for high energy ones, due to their substantial latitudinal drift. A more precise solution would be obtained by solving a transport equation that includes the grad B and curvature drifts within the spatial convection term, i.e. by solving eqs. (30)- (34) of Zhang (2006) .
It should also be noted that in Paper II we showed that the grad B and curvature drift velocities in the Parker spiral can be of the same order of magnitude as the E×B drift velocity, and in some cases even larger. Therefore the standard guiding centre theory assumption that the E×B drift is the dominant one may not be valid for the case of heliospheric propagation.
We conclude that the extent to which the driftinduced deceleration observed in our test particle simulations is accounted for by SEP models based on the focussed transport equation needs to be evaluated, and this will be the subject of future work.
Strong SEP deceleration such as the one we reported, has an impact on the analysis of measurements, because it introduces a scenario where particles detected in a given energy channel at 1 AU actually left the Sun having a much higher energy, as was emphasized by Mason et al. (2012) for heavy ions in the ∼MeV/nucleon range. Our results show that this may be taking place for protons in the 10-100 MeV range too.
Overall, our results demonstrate that driftinduced deceleration is an important process in SEP propagation and needs accurate inclusion within SEP modelling and data analysis.
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